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es.2012.0Abstract The objective of this study is to determine if adjustment of the four factors viz. cement
content (C), water to powder (w/p) ratio, ﬂy ash (FA) content, and superplasticizer (SP) will
increase the compressive strength of self-compacting concrete (SCC) by using contrast constant fac-
torial design and response surface methodology. The method of the analyzing 2k factorial design
that is a design with k factors each at two levels was used with 16 factorial points. It is concluded
that the interactions of the parameters of a couple effect of C with SP, w/p with SP, FA with SP,
and C with FA and SP in a full quadratic model are the only signiﬁcant effects and the underlying
assumptions of the analysis are satisﬁed. In maximizing compressive strength, variables such as
cement content A or x1, water to powder ratio B or x2, ﬂy ash content C or x3, and super plasticizer
dosage D or x4 should be at a high level of signiﬁcance and the process is relatively robust (exhib-
iting strength) to superplasticizer D.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Self Compacting Concrete (SCC) is ﬂowable and hence elimi-
nates the need for vibration. It is a versatile material which in-
creases durability of the structure to withstand environmental.com (A.N.S. Alqadi), kama-
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6.002effect. The European Federation of Specialist Construction
Chemicals and Concrete Systems (EFNARC Criteria, 2002)
deﬁnes SCC as ‘‘Concrete that is able to ﬂow under its own
weight and completely ﬁll the formwork, even in the presence
of dense reinforcement, without the need of any vibration,
whilst maintaining homogeneity’’. Okamura and Ouchi
(1998) deﬁne SCC as ‘‘a concrete that is able to ﬂow in the inte-
rior of the formwork, ﬁlling it in a natural manner and passing
through the reinforcing bars and other obstacles, ﬂowing and
consolidating under the action of its own weight’’.
Factorial design is widely used in experiments involving
many factors. That is, to study the joint effect of the parame-
ters or factors on responses or dependent variables, and, to de-
velop models applicable to design and development of
experiments. Many researchers used and developed responseier B.V. All rights reserved.
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responses. Box and Draper (1987) developed RSM to model
experimental responses and then migrated into the modeling
of numerical experiments. They concluded that RSM gener-
ated different types of errors, in computer experiments, numer-
ical noise is a result of incomplete convergence of iterative
processes while, in physical experiments, inaccuracy can be
due, for example, to measurement errors. Venter et al. (1996)
discussed the advantages of using RSM in optimization of de-
sign aimed at reducing the cost of expensive analysis models
like ﬁnite element method and their associated numerical
noise. Describing a problem with smooth functions improves
the convergence, reduces the effects of noise factors, and al-
lows the use of derivative-based algorithms. Frank et al.
(2000) veriﬁed the mechanical properties of SCC before using
it for practical applications. The time development of the
material properties and the bond behavior between the rein-
forcing bars and the SCC have been taken as basis for the
description of the load bearing capacity of reinforced concrete
structures.
Swamy and Bouikni (1990) investigated some engineering
properties of slag concrete as inﬂuenced by mix proportioning
and curing. Compressive strength of 35–50 MPa has been ob-
tained at a low water-to-binder (w/b) ratio of about 0.35.
Brameshuber and Uebachs (2002) reported that the modulus
of elasticity of SCC and that of a normal concrete produced
from the same raw materials are almost identical. Although
there is a higher paste matrix share in SCC, the elasticity re-
mains unchanged due to the denser packing of the particles.
The modulus of elasticity of concrete increases with an increase
in the quantity of aggregate of high rigidity while it decreases
with increasing cement content and porosity.
Khatib (2008) studied the effect of ﬂy ash (FA) on the prop-
erties of SCC. For the replacement of cement by a percentage
from 0% to 80% of FA, w/b ratio was kept at 0.36 for all
mixes, and the mixtures were tested for fresh state, compressive
strength, ultrasonic pulse velocity (UPV), absorption, and
shrinkage. They concluded that cement replaced with 40%
FA gave compressive strength of 65 MPa at 56 days, but the
water absorption was increased with FA. Also, there is a
reduction in shrinkage by the increase of the ﬂy ash content.
A linear relationship was reported between FA content and
shrinkage at 56 days. Sonebi (2004) studied the development
of medium-strength SCC by using pulverized fuel ash (PFA)
and superplasticizer (SP).
Al Qadi Arabi et al. (2009) used statistical modeling to
model the inﬂuence of key mixture parameters (cement, water
to powder ratio, ﬂy ash and super plasticizer) on the hardened
properties affecting the performance of SCC. The models were
valid for a wide range of mixture proportioning. The derived
numerical models could be useful to reduce the test procedures
and number of trials of mix proportioning of SCC. The
researchers concluded that full quadratic models in all the re-
sponses showed the best models.
Khayat et al. (1999) used a central composite response sur-
face with ﬁve factors (w/c ratio (0.37–0.5), cement content
(360–600 kg/m3), viscosity enhancing agent dosage (0.05–
0.20% by mass of water), superplasticizer dosage (0.30–
1.10% by mass of binder), volume of coarse aggregate
(240–400 kg/m3) and the volume of ﬁne aggregate content var-
ied to achieve absolute volume. Responses studied were slump
ﬂow, rheological parameters, ﬁlling capacity, v-funnel, surfacesettlement, and compressive strength at 7 and 28 days. They
concluded that the derived models are to better understand ex-
changes between mixture parameters and compare the re-
sponses obtained from various test methods.
Cheng (2006) investigated the potential of using design of
experiments and neural networks to determine the effect of
ﬂy ash replacements, from 0% to 50%, on early and late com-
pressive strength, from 3 to 56 days, of low and high-strength
concrete, at water cementitious material ratios in the range of
0.3–0.7. He concluded that using a simplex-centroid mixture
experiment design (mixture design deals with factors that are
dependent in a way that their sum is constant depending on
the goal of the experimentation results). A less number of
experiments need to be performed to obtain meaningful data;
the development of compressive strength and the parameters
of the concrete have high correlations coefﬁcient of the gener-
alization capabilities of the neural networks; and the concrete
strength analyses of variance on the variables and their inter-
actions can be performed.
Soudki et al. (2001) presented the results of a statistical analysis
aimed tooptimize a concretemixdesign for hot climates.A full fac-
torial experiment with 3 · 4 x 4 · 3 treatment combinations (432
samples) of 48 mixes at three levels of temperature was used. The
inﬂuences of the water/cement ratio (0.40, 0.50, and 0.60), coarse
aggregate/total aggregate ratio (0.55, 0.60, 0.65, and 0.70), total
aggregate/cement ratio (3.0, 4.0, 5.0, and 6.0), and temperature
(24, 38, and 52 C) on compressive strength were characterized
and analyzed using polynomial regression. Polynomial models
were developed for concrete strength as a function of temperature
andmix proportion. The optimum concrete mix for different tem-
peratures as well as the mix that is least sensitive to temperature
variations was found.
The objective of this research is to determine if adjustment
of the four factors viz. cement content(C), water to powder
(w/p) ratio, ﬂy ash (FA) content, and super plasticizer (SP) will
increase the compressive strength of self-compacting concrete
(SCC) by using contrast constant factorial design and response
surface methodology.2. Experimental program
2.1. Materials
2.1.1. Portland cement and ﬂy ash
Ordinary Portland Cement (OPC) conﬁrming to ASTM C 150-
85A (2006) as available in the local market was used in the
investigation. The cement used has speciﬁc gravity of 3.15
and Blaine’s ﬁneness of 2910 cm2 g1.
Fly ash class F from the Kapar Thermal Power Station,
Selangor, Malaysia, was used as a cement replacement mate-
rial. Class F ﬂy ash obtained had a speciﬁc gravity of 2.32
and ﬁneness of 2423 cm2 g1 was determined conforming to
ASTM C 618 (2006).2.1.2. Crushed aggregate and natural sand
Crushed angular granite material of 20 mm nominal size from
a local source was used as a coarse aggregate. Its speciﬁc grav-
ity was 2.5; the absorption value was 1.5%, ﬁneness modulus
of 6.05 and with a bulk density of 1480 kg m3 conforming
to ASTM C 33-86 (2006).
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size of 4.75 mm, with a ﬁneness modulus of 2.93. The speciﬁc
gravity was 2.45 and the absorption value was 6.1%
2.1.3. Superplasticizer
Superplasticizer used was Polycarboxylicether (PCE) based
free ﬂowing liquid having speciﬁc gravity of 1.15 conforming
to ASTM C 494-92 (2006).
2.1.4. Water
Potable tap water conforming to BS 3148 (1981) was used for
mixing and curing.
2.2. Mix proportions and test specimens
The mix proportions are presented in Table 1 along with the
response that provides evidence for the experiments setup
which were done on compressive strength by using the SCC
constituents’ materials. All concrete mixes were prepared in
40 L batches in a rotating planetary concrete mixer. The batch-
ing sequence consisted of homogenizing the sand and coarse
aggregate for 30 s, then adding about half of the mixing water
into the mixer and continuing to mix for one more minute. The
mixer was covered with a plastic cover to minimize the evapo-
ration of the mixing water and to let the dry aggregates in the
mixer absorb the water. After 5 min, the cement and ﬂy ash
were added and mixed for another minute.
Finally, the SP and the remaining water were introduced
and the concrete was mixed for 3 min. A concrete mix can
be classiﬁed as SCC if the requirement for all fresh properties
is conformed to EFNARC (2002); ﬁlling ability under own
weight SCC ﬂows within the framework. Test of slump ﬂow
is used for measuring ﬁlling ability of SCC according to ASTM
C 1611 (2006). Compressive strength was tested using a 2000
kip (4448 kN) capacity compression machine. According to
the BS 1881: Part 5 (1981) compressive strength was deter-
mined by using cubic specimens of 100 · 100 · 100 mm. Pro-
portions and Test Specimens were removed from the molds
after 1 day, and cured in water at 20 oC for 28 days, the sur-
faces were then smoothed by grinding to achieve a leveled
appearance then tested for strength, average of three results
is reported in the investigation.Table 1 Mix design parameters and response of fresh and hardene
Mix no. C (kg/m3) w/p Ratio FA (kg/m3)
1 412.5 0.32 120
2 437.5 0.32 120
3 412.5 0.36 120
4 437.5 0.36 120
5 412.5 0.32 140
6 437.5 0.32 140
7 412.5 0.36 140
8 437.5 0.36 140
9 412.5 0.32 120
10 437.5 0.32 120
11 412.5 0.36 120
12 437.5 0.36 120
13 412.5 0.32 140
14 437.5 0.32 140
15 412.5 0.36 140
16 437.5 0.36 1402.3. Method of analysis
The method of the analyzing 2k factorial design that is a de-
sign with k factors each at two levels was used. The statistical
model for a 2k factorial design would include k main effects,
(2k) two factor interactions, (3k) three factor interactions, (4k)
four factor interactions, and one k factor interaction. A com-
plete replicate factorial design requires 2 · 2 ·    · 2 = 2k
observation of 2k factorial design. A k factors of two levels
these levels may be quantitative (example two values of tem-
perature) or qualitative (example two machines, two opera-
tors, the high and low levels of a factor) .That is, for a
2k design the complete model would contain 2k1 effect
(Montgomery, 2005).
Assign identiﬁers such as A (cement), B (w/p ratio), C (FA)
and D (SP) to each of the four variables were chosen along
with the low () and high (+) settings as seen in Table 2. With
each of these settings, perform compressive strength test of
SCC. The pilot is to test constituents of SCC. Test under nor-
mal conditions after 28 days of curing specimens. Record the
outputs for all of the 16 runs in the design of experiment
(DOE) worksheet for 16 factorial points used in the design at-
tached in Table 2.
After the tests were recorded for all runs, it needs to be ana-
lyzed for the effects and determine which setting is signiﬁcant
(i.e. which had the greatest impact on compressive strength).
The sequence of the general approach to the statistical analysis
of the 2k design is as below:
(a) Estimate the factor effect and check their signs and mag-
nitudes. This step gives preliminary investigation for the
factors and interactions, and can be adjusted to improve
the response.
(b) Estimate the initial model for the experiment, choose the
full model to represent all main effects and interactions,
and use at least one of the design points for replication.
(c) Use the analysis of variance for testing the signiﬁcance
of main effects and interaction.
(d) Reﬁne the model by removing any non-signiﬁcant vari-
ables from the full model.
(e) Do the residual analysis to check for model adequacy
and assumption.d properties of SCC.
Sp (kg/m3) fc28 (MPa) Slump ﬂow (mm)
8.1 42.4 625
8.1 41.5 730
8.1 37.1 801.5
8.1 38.6 925
8.1 38.5 790.5
8.1 43.3 728
8.1 47.8 833
8.1 48.2 847.5
9.9 47.2 667.5
9.9 41.9 830
9.9 44.5 890
9.9 41.1 850
9.9 46.2 820
9.9 38.0 885
9.9 41.0 850
9.9 41.1 860
108 A.N.S. Alqadi et al.(f) Graphical analysis for the main effect or interaction
plots, in response surface and contour plots.
Fig. 1 shows the cube diagrams of a three dimensional lay-
out of sixteen experiment. The high levels are denoted by + -
and the low levels by  for each factor. Although the
calculations of the run factors need a computer program, it
is necessary to manually calculate an effect estimate or sum
of squares for an effect, for determination of the contrast asso-
ciated with the effect. This can be done by using table of plus
(+) and minus () sign as shown in Table 2. After the con-
trasts for the effects have been computed, the effects and com-
putations of sum of squares were done.3. Results and discussion
Factorial experiment is carried out to study the factors which
are thought to inﬂuence fresh and hardened properties of SCC.
The four factors are cement content (A) in kg/m3, water to
powder (B) as a ratio, ﬂy ash content (C) in kg/m3, and superp-
lasticizer (D) in kg/m3. Each factor is present at two levels. The
design matrix and the response data obtained from a single
replicate of the factorial point 24 experiment are shown in Ta-
ble 2 and Fig. 1. The 16 runs are made in random order. The
aim is to have maximum strength and slump ﬂow within the
range according to EFNARC Criteria (2002). The analysis
of the data was done by constructing a normal probability plot
of the effect estimates. The table of plus (+) and minus ()
signs for the contrast constants for the 24 design is shown in
Table 2.
The main effects are deﬁned as the difference in the average
response between the high and low levels of a factor. UsingTable 2 Design of experiments worksheet for 24 factorial.plus and minus signs to represent high and low levels of a fac-
tor, the Effect of A as an example is deﬁned as seen in Table 2
(Eq. (1)):
EðAÞ ¼ Ave: of
X
Yþ
 
 Ave: of
X
Y
 
¼ 41:698 43:077 ¼ 1:378 ð1Þ
From these contrasts, an estimate to the 15 factorial effects
and the sums of squares were made as shown in Table 2. The
normal probability plot is a graphical technique for normality
testing: assessing whether or not a data set is approximately
normally distributed. The normal probability plot of these ef-
fects is shown in Fig. 2. All of the effects that lie along the line
are negligible, whereas the large effects are far from the line.
The important effects that emerge from analysis of the esti-
mate effect are the main effects of AD, BD, CD and ACD
interactions. The data are plotted against a theoretical normal
distribution in such a way that the points should form an
approximate straight line. Departures from this straight line
indicate departures from normality.
The largest effects are observed for water to powder to
super plasticizer (BD = 10.353), ﬂy ash to super plasticizer
(CD= 8.646), cement to super plasticizer (AD= 8.953), and
cement to ﬂy ash to super plasticizer (ACD= 8.744) triple ef-
fect. The total sum of squares is 1515.71609. Table 3 summa-
rizes the effect estimates and sum of squares.
The percent contribution column measures for each model
term to the total sum of squares. The percentage contribution
is often a rough but effective guide to the relative importance
of each model term. The mean effect of interaction BD (w/p to
Sp) really dominates this process, accounting for over 28.286
of the total variability, the other interactions effects are AD,
CD, and ACD account for about 21.153%, 18.906%, and
20.177%, respectively.
Figure 1 Pilot plant rate of experiment Cube Diagram: The cube
diagram shows a three dimensional layout of a 24 experiment. (a)
The high levels are denoted by + and the low levels by  for each
factor. (b) The response means at each point on the cube of
measured data.
Figure 2 Normal probability plots of effects for the 24 factorial
designs.
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ﬁrm the magnitude of these effects. The interaction effects of
BD (w/p to Sp), AD (cement to Sp), CD (FA to Sp), are sig-
niﬁcant. Thus there are strong interactions between these
parameters. The regression model for predicting each constitu-
ent materials of SCC is in Eq. (2) as follows
Y ¼ boþ b14x1x4þ b24x2x4þ b34x3x4
þ b134x1x3x4 ð2Þ
where the estimated response ðYÞ and the coded interaction
variables x1x4, x2x4, and x3x4 represent AD, BD, CD, and
ACD respectively.
3.1. Diagnostic checking
The checks are applied to the residual of a 2k design. In the
analysis it is indicated that the only signiﬁcant effects are
AD= 8.953, BD= 10.353 and CD= 8.646. If this is true,
the estimated compressive strength ðYÞ is given by the follow-
ing Eq. (3):
Y ¼ 42:38775þ 8:953
2
 
x1x4þ 10:353
2
 
x2x4
þ 8:464
2
 
x3x4þ 8:744
2
 
x1x3x4 ð3Þ
where 42.38775 is the average response and the coded variables
x1, x2, x3, and x4, take on values between 1 and + 1. The
predicted compressive strength ðYÞ at run (1) is:Y ¼ 42:38775þ 8:953
2
 
ð1Þð1Þ þ 10:353
2
 
ð1Þð1Þ
þ 8:464
2
 
ð1Þð1Þ þ 8:744
2
 
ð1Þð1Þð1Þ
¼ 51:43
Because the observed value is 42.43, the residual is
e ¼ Y Y ¼ 42:43 51:43 ¼ 9:47. The values of Y, Y and
e ¼ Y Y of all 16 observations are presented in Table 3. A
normal probability plot of the residuals is shown in Fig. 3.
The points of this plot lie not close to a straight line but within
the limit of 5%. Hence, it is concluded that AD, BD, CD, and
ACD are the only signiﬁcant effects and that the underlying
assumptions of the analysis are satisﬁed.
3.2. The response surface
The interaction plots in Fig. 4(a)–(c) and Fig. 5(a)–(c) provide
a practical interpretation of the results of this experiment re-
search. The response surface is generated by the regression
model Eq. (4). And the predicted compressive strength ðYÞ:
Y ¼ 42:38775þ 8:953
2
 
x1x4þ 10:353
2
 
x2x4
þ 8:464
2
 
x3x4þ 8:744
2
 
x1x3x4 ð4Þ
Fig. 4(a) shows the response surface contour plot when SP
dosage is at the high level (i.e., x4 = 1). The contour is gener-
ated from the above model with x4 = 1 and Eq. (5), or
Y ¼ 42:38775þ 8:953
2
 
x1þ 10:353
2
 
x2þ 8:464
2
 
x3
þ 8:744
2
 
x1x3 ð5Þ
The contours are curved lines because the model contains
an interaction term. Fig. 4(b) is the response surface contour
plot when the cement content is at the high level (i.e.,
x1 = 1). So by butting x1 = 1 in the regression model Eq.
(1) of the predicted compressive strength ðYÞ the result is:
Table 3 Factor effect estimate and sum of squares for 24 factorial in the research.
Model term Eﬀect estimate Sum of squares Degree of Freedom Mean Square Fo P-value % Contribution
A 1.379 7.606564 1 7.606564 0.027236 0.873012 0.501846
B 0.029 0.003364 1 0.003364 1.2E-05 0.997316 0.000222
C 1.219 5.943844 1 5.943844 0.021282 0.887621 0.392148
D 0.465 0.8649 1 0.8649 0.003097 0.956986 0.057062
AB 1.003 4.024036 1 4.024036 0.014408 0.907416 0.265487
AC 0.668 1.784896 1 1.784896 0.006391 0.938246 0.117759
AD 8.953 320.624836 1 320.624836 1.148017 0.315221 21.15336
BC 2.968 35.236096 1 35.236096 0.126165 0.731625 2.324716
BD 10.353 428.738436 1 428.738436 1.535124 0.250462 28.286200
CD 8.464 286.557184 1 286.557184 1.026035 0.340744 18.90573
ABC 4.202 70.627216 1 70.627216 0.252885 0.628600 4.65966
ABD 1.495 8.9401 1 8.9401 0.032011 0.862453 0.589827
ACD 8.744 305.830144 1 305.830144 1.095043 0.325941 20.17727
BCD -2.627 27.604516 1 27.604516 0.09884 0.761269 1.821219
ABCD 1.683 11.329956 1 11.329956 0.040568 0.845402 0.747499
Error 2234.287 8 279.28587
Total 3750.003 15
Table 4 Observed values and residuals.
Obs Model term fc28 Fit Residual
1 (1) 42.4 51.9008 9.468
2 A 41.5 51.6918 10.240
3 B 37.1 41.5478 4.497
4 C 38.6 41.3388 2.752
5 D 38.5 52.1808 13.723
6 AB 43.3 34.4838 8.853
7 AC 47.8 41.8278 5.924
8 AD 48.2 24.1308 24.043
9 BC 47.2 32.8748 14.306
10 BD 41.9 33.0838 8.843
11 CD 44.5 43.2278 1.315
12 ABC 41.1 52.1808 11.126
13 ABD 46.2 32.5948 13.605
14 ACD 38.0 50.2918 12.292
15 BCD 41.0 42.9478 1.948
16 ABCD 41.1 60.6448 19.589
Figure 3 Normal probability plot residual for the 24 factorial
designs.
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2
 
x4þ 10:353
2
 
x2x4
þ 17:208
2
 
x3x4 ð6Þ
These contours are parallel straight lines because the model
contains only the main effects of factors D(x4), BD(x2x4), and
CD(x3x4). Both contour plots in Fig. 4(a)–(c) indicate that to
maximize the compressive strength, variables A(x1), B(x2),
C(x3), and D(x4) should be at a high level and the process is
relatively robust to content of D. The surface plot also in
Fig. 5(a)–(c) shows that the highest compressive strength is ob-
tained when cement contents, w/p, FA contents are high and
SP is low.4. Conclusions
The following conclusions can be drawn from the
investigation:1. The interaction parameters of AD, BD, CD, and ACD are
the only signiﬁcant effects and that the underlying assump-
tions of the analysis satisﬁed the object.
2. To maximize the compressive strength, variables like
cement content A(x1), water to powder ratio B(x2), ﬂy
ash content C(x3), and super plasticizer dosage D(x4)
should be kept at a high level and the process is relatively
robust to content of super plasticizer D. The highest com-
pressive strength is obtained when cement contents, w/p,
FA contents are high and SP is low.
3. Full factorial design needs to add center point to handle the
curvature from second order effects and to allow an inde-
pendent estimate of error to be obtained.
4. The projection of an unreplicated factorial into a replicated
factorial in fewer factors is very useful.Acknowledgements
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Figure 5 Response surface plot vs. compressive strength for (a)
function of SP and C (b) function of SP and w/p and, (c) function
of SP and FA of SCC.
Figure 4 Contour plot of compressive strength for (a) function
of SP and C (b) function of Sp and w/p and, (c) function of SP and
FA of SCC.
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